Introduction {#s1}
============

Within the cellular immune system, CD8^+^ cytotoxic T cells (CTLs) have been considered as the central effector cells in tumor immune surveillance, due to their capacity of direct tumor cell killing ([@B1]). However, it has become clear that other cell types such as NK cells ([@B2]) or activated macrophages ([@B3]) are also endowed with cytotoxic function, thereby contributing to tumor cell eradication. Even CD4^+^ T cells were shown to acquire cytotoxic capacity against established tumors under certain circumstances ([@B4], [@B5]). However, tumors are often infiltrated by inhibitory immune cells such as myeloid derived suppressor cells (MDSCs) or tumor associated macrophages (TAMs) acting in concert with regulatory CD4^+^ T cells to create an immunosuppressive microenvironment that becomes hostile to activated T effector cells ([@B6], [@B7]). Interestingly, TAMs play a central role in this scenario due to their marked functional plasticity, allowing them to shift between various functional phenotypes, ranging from M2-like macrophages with immunosuppressive function to inflammatory M1-like macrophages equipped with immunostimulatory capacity ([@B8]). Consequently, at early tumor stages, when no suppressive milieu has been established yet, many tumors harbor predominantly M1-like macrophages ([@B9]), whereas M2-like TAMs tend to accumulate within the hypoxic areas of late stage tumors ([@B10]). Functional polarization of TAMs can be driven by soluble factors present in the tumor microenvironment. Thus, as reviewed by Mantovani et al. tumor cell derived cytokines like TGF-ß or CSF-1 as well as metabolic compounds (i.e., lactic acid) released by tumor cells can drive M2 polarization of TAMs. Similarly, IL-4 and IL-13 secreted by tumor resident Th2 cells or IL-10 released by Treg and B cells induce M2-like TAM differentiation. Moreover, stimulation of TAMs by immune complexes can result in M2 polarization. On the other hand, Th1 responses have been described to promote M1 differentiation in early tumor stages through secretion of IFNγ ([@B11], [@B12]).

High TAM numbers have been generally associated with poor prognosis ([@B13]), although exceptions to this rule do exist ([@B14]). Thus, therapeutic targeting of TAMs by depletion or reprogramming represents an obvious strategy for cancer treatment and has been investigated in a number of studies ([@B7], [@B15]). However, TAM targeting should ensure selective hit of M2-like TAMs, as M1-like macrophages can be essential for successful immunotherapy ([@B16], [@B17]). Selective repolarization of M2-like TAMs thus provides an option of neutralizing M2-associated activity without harming M1-like macrophages. In fact, cognate interaction between CD4^+^ Th1 cells and macrophages can drive M1 polarization, thereby offering an opportunity to achieve this goal. Thus, peptide loaded human PECs polarized by IL-6 and PGE2 were shown to acquire M1-like phenotype upon co-culture with a HPV E7 specific CD4^+^ T cell clone ([@B18]). Similarly, TAMs isolated from tumors of a murine multiple myeloma model became activated when co-cultured with TCR transgenic CD4^+^ Th1 cells specific for the tumor antigen ([@B19], [@B20]). However, to our knowledge, no results have been published so far that focused on the cognate interaction between tumor-associated macrophages and CD4^+^ Th1 cells in a wildtype *in vivo* situation. In light of established protocols using IL-4 ([@B21]--[@B23]) or IL-13 ([@B23]) to induce M2 polarization among isolated macrophages *in vitro*, we applied IL-4 as polarizing agent to obtain M2-like macrophages as starting population for co-culture experiments with CD4^+^ Th1 cells. Applying extensive gene and protein expression analyses as well as functional assays, we demonstrate that MHC II restricted interaction with CD4^+^ Th1 cells instructs PEC-derived M2-like macrophages to acquire M1-like phenotype and function. Moreover, we demonstrate that adoptive transfer of tumor antigen specific CD4^+^ Th1 cells into tumor bearing C57BL/6 mice results in accumulation of TAMs with a M1 shifted phenotype and enhanced M1-associated gene expression. These results may thus highlight a so far underestimated function of tumor antigen specific CD4^+^ Th1 cells in the context of T cell mediated tumor attack.

Materials and Methods {#s2}
=====================

A list of abbreviations is given in the [Supplementary Materials](#SM1){ref-type="supplementary-material"}.

Isolation, Purification, and Polarization of PECs
-------------------------------------------------

Animal experiments were approved by District Government in Karlsruhe, Germany (approval ID 35--9158.81/G-211/16). C57BL/6 mice (Charles River, Sulzfeld, Germany) were injected intraperitoneally (i.p.) with 1 ml of 3 % (w/v) thioglycollate solution (Applichem, Darmstadt, Germany). Four days later, mice were sacrificed and injected with 8 ml of ice cold PBS (Thermo Fisher Scientific, Waltham, USA) into the peritoneal cavity. Peritoneal fluid containing PECs was aspirated and centrifuged at 300 × g for 10 min. PECs were resuspended in DMEM (Thermo Fisher Scientific) containing 10 % FBS (Biochrom, Darmstadt, Germany) and 2 × 10^6^ or 0.5 × 10^6^ cells were seeded into each well of a 6 or 24 well plate (TPP, Trasadingen, Switzerland), respectively. After 2 h, the medium was removed and adherent cells were washed three times with PBS. In order to induce M2 or M1 polarization, cells were cultured in DMEM supplemented with either 10 ng/ml IL-4 (BioLegend, San Diego, USA) or a combination of 100 ng/ml LPS (Sigma-Aldrich, St. Louis, USA) and 50 ng/ml IFNγ (Thermo Fisher Scientific), respectively, for 4, 24, 48, or 72 h. For subsequent analysis, cells were detached with 500 μl Accutase (Merck, Darmstadt, Germany) at 37°C for 5 min and harvested using a cell scraper.

Lentiviral Transduction of B16F10/IA^b-/-^ Cells
------------------------------------------------

The B16F10 derived IA^b^ knock-out clone B16F10/M2KO established previously ([@B24]) was used to generate an ovalbumin (OVA) expressing knock-out clone lacking IA^b^ expression. The transduction of tumor cell lines using retroviral particles was performed by the Genomics and Proteomics Core Facility of the German Cancer Research Center. The OVA encoding nucleotide sequence (RefSeq NM_205152.2.) flanked by attL recombination sites was synthesized and cloned into a pMX plasmid (Thermo Fisher Scientific, Waltham, USA). The sequences were shuttled into lentiviral expression vectors adding a C-terminal IRES sequence coupled to a neomycin resistance gene by gateway recombination. For the generation of lentiviral particles, HEK293FT cells (Thermo Fisher Scientific, Waltham, USA; Cat. No. R70007) were transduced with the lentiviral OVA expression constructs and transfected with 2nd generation viral packaging plasmids VSV.G (Addgene, plasmid \#14888, MiIdlesex, UK) and psPAX2 (Addgene, plasmid \#12260). Two days later, virus containing supernatants were collected and cleared by centrifugation (500 × g for 5 min). Supernatants were passed through a 0.45 μm filter to remove remaining cellular debris and B16F10 IA^b^ knockout cell layers showing 70% confluency were transduced with viral particles in the presence of 10 μg/ml polybrene (Merck KGaA, Darmstadt, Germany; Cat. No. TR-1003-G). The virus containing medium was replaced by selection medium containing 1 mg/ml Geneticin (Thermo Fisher Scientific) 1 day post transduction. After 2 weeks, clones were picked and expanded. The clone used in this study is designated B16F10/M2KO/OVA.

Generation of an OVA-Specific CD4^+^ Th1 Cell Line
--------------------------------------------------

C57BL/6 mice were immunized subcutaneously (s.c.) with 100 μg of IA^b^ restricted OVA peptide ISQAVHAAHAEINEAGR (aa 323--339) emulsified 1:1 in complete Freund\'s Adjuvant (Sigma-Aldrich). After 7 days, mice were sacrificed and 6 × 10^6^ splenocytes were cultured in Minimum Essential Medium Eagle Alpha Modification (Sigma-Aldrich) supplemented with 2 μg/ml peptide, 2 mM L-Glutamine (Thermo Fisher Scientific), 10% FCS, 50 μM beta-Mercaptoethanol (Sigma-Aldrich), 100 U/ml Penicillin and 100 μg/ml Streptomycin (Sigma-Aldrich). Every 7 days, half of the supernatant was exchanged by the culture medium mentioned above, supplemented with 12.5 mM Methyl α-D-mannopyranoside (Sigma-Aldrich) and 2.5 % (v/v) culture supernatant from conA stimulated rat spleen cells, as a source of interleukin-2 (complete T cell medium). Spleen cell cultures were restimulated every 4 weeks by the addition of 6 x 10^6^ irradiated syngeneic feeder cells together with antigenic peptide (2 μg/ml). This T cell line showed specific IFNγ release upon co-culture with IA^b^ positive target cells pulsed with the OVA-specific T cell epitope aa323-339 and is thus considered as Th1 biased CD4^+^ T cell line.

Peptide Loading of PECs
-----------------------

Polarized PECs were incubated at 37°C for 45 min in X-VIVO™ 20 serum free medium (Lonza Group, Baser, Switzerland) containing 1 μg/ml IA^b^ restricted OVA specific peptide (aa 323--339) or HBV core antigen derived peptide (aa 128--140) as control. Cells were washed 3--5 times with PBS to remove unbound peptides.

Co-culture of PECs and OVA Specific CD4^+^ Th1 Cells
----------------------------------------------------

M2 polarized PECs (24 h) were loaded with peptide (5 μg/ml) and co-cultured with OVA specific CD4^+^ Th1 cells for 24 h (ratio 4:1) in the absence of IL-4. Supernatants were collected to measure IFNγ concentrations and macrophages were washed three times to remove the non-adherent T cells. The cells were subsequently used for further analysis.

IFN**γ** ELISpot Assays
-----------------------

IFNγ ELISpot assays were performed using Multiscreen ELISpot plates (Merck) coated with 1 μg/ml goat anti-mouse IFNγ capture antibody (Becton Dickinson, Franklin Lakes, USA) overnight at 4°C. After blocking with serum containing medium, graded numbers of OVA-specific T cells were added to 5 × 10^4^ peptide loaded PECs in a total volume of 200 μl per well and cells were co-cultured for 16--18 h. On the next day, cells were incubated with 2 μg/ml biotinylated rat anti-mouse IFNγ antibody (Becton Dickinson) for 1 h followed by incubation with avidin-conjugated alkaline phosphatase (Becton Dickinson) for 30 min. IFNγ-specific spots were visualized by addition of BCIP/NBT (Sigma-Aldrich) and the reaction was stopped with distilled water. Spots were counted using an ELISpot reader (AID, Straßberg, Germany). All antibodies used for the ELISpot Assay are depicted in [Table S1](#SM1){ref-type="supplementary-material"}.

Immunofluorescence Staining and Flow Cytometry
----------------------------------------------

Immunofluorescence staining was performed using monoclonal antibodies shown in [Table S2](#SM1){ref-type="supplementary-material"}. As controls, the respective isotype matched antibodies against irrelevant epitopes were included. Cells (2 × 10^5^) were incubated at 4°C for 20 min in a mixture of rat anti-mouse CD16/CD32 (Becton Dickinson), normal Syrian hamster serum (Jackson Laboratory, Bar Harbor, USA) and rat serum (GeneTex, Irvine, USA) in a total volume of 100 μl to block Fc-receptors. Subsequently, cells were incubated with fluorochrome conjugated antibodies diluted in PBS containing 3 % FCS and LIVE/DEAD Fixable Yellow Dead Cell dye (1:1000) at 4°C for 1 h. In case of intracellular staining cells were fixed and permeabilized using FoxP3 staining Kit (eBioscience, Waltham, USA) according to manufacturer\'s instructions. Thereafter, the cells were incubated with fluorochrome conjugated antibodies diluted in Permeabilisation Buffer (Thermo Fisher Scientific) at 4°C for 1 h. Finally, cells were analyzed with a FACSCanto II or LSR II (Becton Dickinson) cytometer or sorted using a FACS Aria I or II and data were evaluated with FlowJo software (Version 10).

RNA Isolation and Quantitative Real-Time PCR
--------------------------------------------

RNA of primary macrophages sorted from tumor tissue was isolated using the RNeasy Micro Kit according to manufacturer\'s instructions. To isolate RNA from PECs, the cells were washed twice with PBS, lysed by the addition of 1 ml QIAzol Lysis Reagent (Qiagen, Venlo, Netherlands) per well and transferred into a 1.5 ml Eppendorf tube. After the addition of 200 μl chloroform and subsequent centrifugation, the aqueous phase was transferred into a fresh tube containing 600 μl 75% Ethanol (Sigma-Aldrich). RNA extraction was carried out using RNeasy columns according to manufacturer\'s instructions. RNA isolated from PECs was subjected to reverse transcription using Transcriptor First Strand cDNA Synthesis Kit (Hoffmann-La Roche, Basel, Switzerland). RNA extracted from primary macrophages was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, USA). Gene expression was quantified using quantitative real-time PCR. Therefore, 2 X Power SYBR® Green PCR Master Mix (Thermo Fisher Scientific), 10 ng cDNA, 400 nM of each primer pair (200 nM each) and nuclease-free water were mixed to a total volume of 20 μl. The selected genes were amplified using the ABI 7300 Real-time PCR System (Applied Biosystems, Foster City, USA) and subsequently quantified by normalization to beta-actin and/or Rpl19. All primers used for quantitative real-time PCR are depicted in [Table S3](#SM1){ref-type="supplementary-material"}.

Phagocytosis and Pinocytosis Assay
----------------------------------

PECs were seeded in a 24 well plate (5 × 10^5^) and polarized for 72 h. In case of co-culture experiments, PECs were polarized for 24 h into M2-like macrophages and subsequently cultured for additional 24 h with OVA specific CD4^+^ Th1 cells. After washing three times with PBS, the cells were maintained in DMEM containing 10% FCS and either 1 mg/ml FITC-dextran (Sigma-Aldrich) or 1.25 × 10^6^/ml FluoSpheres™ Carboxylate-Modified Microspheres (2.0 μm; Thermo Fisher Scientific) to monitor pinocytosis and phagocytosis, respectively. Thereafter, PECs were harvested, stained with LIVE/DEAD® Fixable Yellow dye and analyzed by flow cytometry. Background values were determined upon co-incubation of cells with FITC labeled particles at 4°C and substracted from the values measured after co-culture at 37°C.

IFN**γ** ELISA
--------------

Supernatants of co-cultured PECs were collected and the amount of secreted IFNγ was quantified using Mouse IFN gamma ELISA Ready-SET-Go! Kit (eBioscience, Waltham, USA) according to manufacturer\'s instructions.

Peptides
--------

Peptides ([Table S4](#SM1){ref-type="supplementary-material"}) were synthetized by Fmoc chemistry using a fully automated multiple synthesizer Syro II (MultiSynTech, Witten, Germany), followed by HPLC purification on a Kromasil 100--10C 10 μm 120A reverse phase column (20 × 150 mm). Eluted peptides were analyzed by HPLC and MS (Thermo Finnigan LCQ).

Adoptive T Cell Transfer
------------------------

Tumor cells were harvested, washed 3 times with PBS and adjusted to the desired titer. C57BL/6 Ly5.1 mice were injected s.c. into the right flank with 100 μl cell suspensions containing (2 × 10^5^) B16F10 IA^b−/−^ or OVA expressing B16F10 IA^b−/−^ cells, respectively. Tumor bearing C57BL/6 Ly5.1 mice received adoptive T cell transfer 8--10 days post tumor cell injection. Therefore, splenocytes of OT-II mice were resuspended in complete T cell medium and cultured in 24-Well plates (6 × 10^6^ cells per well in 2 ml) in the presence of 1 μg/ml IA^b^ restricted OVA peptide (aa 323--339) for 3 days. On day 2, 1 ml of culture supernatant was replenished and 1 day later cells were harvested, positively selected using CD4 (L3T4) MicroBeads (Miltenyi, Bergisch Gladbach, Germany) and adjusted to a 50 × 10^6^ cells/ml in PBS. One hundred microliter of this suspension was injected i.v. into the lateral tail vein of tumor bearing C57BL/6 Ly5.1 mice.

Tumor Digestion and Isolation of Tumor Infiltrating Leukocytes
--------------------------------------------------------------

Tumors were harvested, transferred into hanks\' balanced salt solution (HBSS, Sigma-Aldrich, St. Louis, USA) and cut into small pieces, followed by digestion with 0.5 mg/ml collagenase D (Hoffmann-La Roche, Basel, Switzerland), 10 μg/ml DNAse I (Sigma-Aldrich), 0.1 μg/ml TLCK (Sigma-Aldrich) and 10 mM HEPES buffer (Sigma-Aldrich) in HBSS for 1 h at 37°C on a shaker (200 rpm). Subsequently, tumor pieces were passed through a 70 μm cell strainer followed by passage through a 40 μm cell strainer and the single cell suspension was centrifuged at 300 × g for 10 min. The cell pellet was resuspended in 4 ml ACK lysing buffer (Thermo Fisher Scientific) followed by incubation for 2 min at RT. The erythrocyte lysis was stopped by adding 46 ml RPMI 1,640 Medium (Thermo Fisher Scientific). After another centrifugation step at 300 × g for 10 min, cells were resuspended in PBS, adjusted to the respective titer and transferred to 96-well U-bottom plates for subsequent immunofluorescence staining.

Results {#s3}
=======

Susceptibility of Polarized PECs to CD4^+^ Th1 Cell Recognition
---------------------------------------------------------------

In a set of pilot experiments, peritoneal exudate cells (PECs) were used as a surrogate for TAMs, thus minimizing the amount of tumor transplantation experiments required for TAM isolation. Flow cytometric analysis of cultured PECs revealed co-expression of the macrophage markers F4/80 and CD11b by more than 99 % of the cells ([Figure S1](#SM1){ref-type="supplementary-material"}). Treatment of PECs with LPS/IFNγ upregulated expression of M1-associated genes ([Figure S2A](#SM1){ref-type="supplementary-material"}) and induced IA^b^ surface expression ([Figure S3](#SM1){ref-type="supplementary-material"}), whereas IL-4 treatment resulted in M2-like polarization of PECs with enhanced M2-associated gene expression ([Figure S2B](#SM1){ref-type="supplementary-material"}) and unaltered IA^b^ surface expression ([Figure S3](#SM1){ref-type="supplementary-material"}). In order to analyze the susceptibility of polarized PECs to IA^b^ restricted recognition by CD4^+^ Th1 cells, PECs pretreated with LPS/IFNγ or IL4, respectively, were loaded with IA^b^ restricted OVA peptide and co-cultured over night with an OVA-specific CD4^+^ Th1 cell line established from peptide immunized C57BL/6 mice ([Figure S4](#SM1){ref-type="supplementary-material"}). As demonstrated by IFNγ ELISpot assays, peptide loaded PECs that had been polarized with LPS/IFNγ for 24 h were strongly recognized by OVA-specific CD4^+^ Th1 cells resulting in saturating spot numbers (i.e. \>500 IFNγ spots) ([Figure 1A](#F1){ref-type="fig"}, left). In contrast, IL-4 treated peptide pulsed PECs were significantly less susceptible to CD4^+^ T cell recognition, similarly to untreated PECs loaded with antigenic peptide (119 and 100 spots, respectively). Flow cytometric analysis revealed IA^b^ surface expression by 52.5% of PECs that had been polarized with LPS/IFNγ, whereas only 9.7% of IL-4 stimulated PECs and 8.7% of non-polarized PECs showed cell surface expression of IA^b^ molecules ([Figure 1A](#F1){ref-type="fig"}, right). When polarized for 48 h, more than 90 % of LPS/IFNγ PECs had become IA^b^ positive showing IA^b^ expression levels that exceeded those of untreated PECs approximately 4-fold (MFI 10350 vs. MFI 2586) ([Figure 1B](#F1){ref-type="fig"}, right). As already observed with short term polarized PECs ([Figure 1A](#F1){ref-type="fig"}), saturating IFNγ spot formation was observed upon co-culture of CD4^+^ Th1 cells with peptide pulsed LPS/IFNγ treated macrophages.

![PECs polarized *in vitro* are susceptible to CD4^+^ T cell recognition. PECs were either left untreated or incubated with IFNγ/LPS or IL-4 to induce M1 or M2 polarization, respectively. Following incubation for 24 h **(A)** or 48 h **(B)**, PECs were pulsed with IA^b^ restricted epitope OVA~323−339~ or with HBV~128−140~ control epitope or were left without peptide ("none"). PECs were then co-cultured with an OVA-specific CD4^+^ T cell line for 24 h and T cell reactivity was analyzed by IFNγ ELISpot assay **(left)**. IA^b^ surface expression of PECs was determined by FACS **(right)**. Gating strategy: living cells → single cells (FSC-A vs. FSC-H) → F4/80^+^CD11b^+^ → IA^b^ vs. FSC-H.](fimmu-10-00219-g0001){#F1}

Cognate Interaction With CD4^+^ Th1 Cells Repolarizes M2-Like PECs
------------------------------------------------------------------

We next tested whether MHC II restricted T cell interaction would instruct PEC derived M2-like macrophages to acquire M1-like phenotype. Thus, PECs were treated with IL-4 for 24 h and polarization into M2-like macrophages was confirmed by flow cytometry and qPCR (see [Figures S5A,B](#SM1){ref-type="supplementary-material"}). M2-like PECs co-cultured with CD4^+^ Th1 cells in the presence of OVA peptide strongly upregulated both iNOS and IA^b^ expression, in contrast to M2-like PECs loaded with control peptide or to PECs cultured without T cells ([Figure 2A](#F2){ref-type="fig"}). Interestingly, repolarization of M2-like PECs by cognate interaction with CD4^+^ Th1 cells, resulting in 95.7% iNOS positive and 80.3% IA^b^ positive PECs, was even more effective than polarization by external addition of IFNγ/LPS (compare [Figure 2A](#F2){ref-type="fig"} and [Figure S5A](#SM1){ref-type="supplementary-material"}). Suspecting that IFNγ released by the CD4^+^ Th1 cells upon IA^b^ restricted interaction with M2-like PECs could be responsible for M1-repolarization, we determined IFNγ concentrations in culture supernatants by ELISA. As shown in [Figure 2B](#F2){ref-type="fig"}, the IFNγ concentration was increased 210 fold in culture supernatants that included the OVA specific CD4^+^ T cell epitope compared to supernatants of co-cultures containing the irrelevant epitope (HBV~128−140~). Investigating the instructive effect of CD4^+^ Th1 recognition on gene expression level of M2-like PECs we found all M1-associated genes tested were upregulated after co-culture with CD4^+^ Th1 cells in presence of the OVA specific epitope, except *Cd80*, whereas most of the M2-associated genes were downregulated, with the exception of arginase 1 and IL-10 ([Figure 2C](#F2){ref-type="fig"}). Notably, expression levels of arginase 1 and IL-10 were also enhanced in LPS/IFNγ treated PECs, but dropped in the case of IL-10, after prolonged time periods (48 h, see [Figure S2B](#SM1){ref-type="supplementary-material"}).

![M2-like PECs are repolarized upon cognate interaction with CD4^+^ T cells. PECs were cultured with IL-4 for 24 h to induce M2 polarization. Subsequently, PECs were loaded with 1 μg/ml IA^b^ restricted epitope OVA~323−339~ or with HBV~128−140~ control epitope and co-cultured with an OVA-specific CD4^+^ T cell line for 24 h. **(A)** FACS analysis of co-cultured PECs using iNOS and IA^b^ specific monoclonal antibodies showing strong upregulation of both M1 markers. Gating strategy: living cells → single cells (FSC-A vs. FSC-H) → F4/80^+^CD11b^+^ → IA^b^ vs. FSC-H. **(B)** IFNγ ELISA showing that IFNγ concentration increased 20,000 fold in culture supernatants of M2 polarized PECs co-cultured with CD4^+^ T cells plus relevant peptide compared to PECs cultured without T cells. **(C)** Gene expression analysis revealed M1 repolarization of M2-like PECs upon co-culture with CD4^+^ T cells in presence of specific peptide. Expression data was normalized to PECs w/o T cell addition. Error bars represent SD of technical triplicates.](fimmu-10-00219-g0002){#F2}

M2-Like PECs Instructed by CD4^+^ Th1 Cells Gain M1-Like Function
-----------------------------------------------------------------

Next, we tested whether CD4^+^ Th1 cells would instruct M2-like PECs to acquire M1-like functionality. Thus, IL-4 treated PECs were loaded with IA^b^ restricted epitope OVA~323−339~ or with HBV~128−140~ control epitope and co-cultured with OVA-specific CD4^+^ Th1 cells. Subsequently, FITC-dextran was added to monitor pinocytic activity. As expected, the percentage of PECs taking up FITC-dextran was significantly reduced upon co-culture with CD4^+^ Th1 cells in presence of the relevant peptide, but remained unchanged if the control peptide was added ([Figure 3A](#F3){ref-type="fig"}). On the other hand, the total amount of FITC-dextran taken up by the macrophages was equal among the different groups ([Figure 3C](#F3){ref-type="fig"}), demonstrating that the cognate interaction with CD4^+^ T cells had reduced the frequency of pinocytic PECs ([Figure 3A](#F3){ref-type="fig"}), without affecting their pinocytosis capacity.

![CD4^+^ T cells instruct M2-like PECs to acquire M1-like function. PECs were cultured with IL-4 for 24 h to induce M2 polarization. Subsequently, M2-like PECs were loaded with 1 μg/ml IA^b^ restricted OVA-specific peptide or with irrelevant control peptide and co-cultured with an OVA-specific CD4^+^ Th1 cell line for 24 h. Co-cultured PECs were then incubated with FITC-dextran **(A,C)** or with fluorescent latex beads **(B,D)** for different time periods (1 and 3 h) to monitor pinocytic and phagocytic capacity, respectively. Co-culture of M2 polarized PECs with CD4^+^ T h1 cells in the presence of OVA-specific peptide significantly decreased both, phagocytic as well as pinocytic activity compared to the control groups **(A,B)**, whereas median fluorescence intensities did not differ between the groups **(C,D)**. Significance was determined using One-way ANOVA with *post-hoc* Tukey test (95% CI, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* ≤ 0.001). Gating strategy: living cells → single cells (FSC-A vs. FSC-H) → FITC vs. FSC-H. Error bars represent SD of technical triplicates.](fimmu-10-00219-g0003){#F3}

Similar results were obtained after incubation of PECs with fluorescent latex beads. Already 1 h after incubation, the proportion of FITC positive cells was significantly reduced among the population of IL-4 treated PECs co-cultured with CD4^+^ T cells in the presence of relevant peptide compared to the PECs from the two control groups ([Figure 3B](#F3){ref-type="fig"}). These effects became even more pronounced after incubation for 3 h. No differences in the total amount of phagocytosed beads were detected among the three groups of PECs ([Figure 3D](#F3){ref-type="fig"}), similarly to the observations made when analyzing pinocytotic capacity ([Figure 3C](#F3){ref-type="fig"}).

In summary, these gene expression analyses and functional assays clearly show that cognate interaction with CD4^+^ T cells instructs M2-like PECs to acquire M1-like phenotype and function *in vitro*.

Adoptive Transfer of Tumor Antigen Specific CD4^+^ Th1 Cells Induces M1-Like Gene Expression in TAMs of IA^b^ Negative B16F10/OVA Tumors
----------------------------------------------------------------------------------------------------------------------------------------

We then investigated whether OVA-specific CD4^+^ Th1 cells would promote differentiation of tumor associated macrophages also *in vivo*. Therefore, a murine melanoma model expressing OVA as tumor antigen was established upon transduction of a B16F10 derived IA^b^ KO clone M2KO ([@B24]) with an OVA encoding lentiviral construct. The resulting OVA expressing sub-clone A1 lacking IA^b^ surface expression ([Figure S6](#SM1){ref-type="supplementary-material"}), designated B16F10/M2KO/OVA throughout the paper ([Figure S6C](#SM1){ref-type="supplementary-material"}), was injected s.c. into C57BL/6 mice ([Figure 4A](#F4){ref-type="fig"}). Ten days later, mice bearing tumors of equal size ([Figures 4B,C,G,H](#F4){ref-type="fig"}) were randomized into two groups, one group receiving 5 × 10^6^ OT-II cells by i.v. injection and a control group that was left untreated. Analysis of TILs performed on explanted tumors 4 days post adoptive T cell transfer revealed that on average 2.7 × 10^4^ OT-II cells had reached the tumor ([Figure 4D](#F4){ref-type="fig"}), representing 19.3% of the CD4^+^ TIL compartment in B16F10/M2KO/OVA tumors ([Figure 4E](#F4){ref-type="fig"}). Interestingly, although the overall frequency of TAMs from control mice and treated animals showed no significant differences ([Figure 4F](#F4){ref-type="fig"}), the frequency of CD206^+^ TAMs as well as the CD206 surface expression intensity were decreased ([Figures 5A,B](#F5){ref-type="fig"}). At the same time, IA^b^ surface expression was significantly enhanced on TAMs from tumors of treated mice compared to TAMs from tumors of naïve mice ([Figure 5B](#F5){ref-type="fig"}), although the overall frequency of IA^b^ positive TAMs appeared unaltered in both groups of mice ([Figure 5A](#F5){ref-type="fig"}). Even though the frequencies of CD45.2^+^ CD4 T cells were similar between B16F10/M2KO and B16F10/M2KO/OVA tumors (see [Figures 4E,J](#F4){ref-type="fig"}), the total number of infiltrating OT-II cells was significantly higher in OVA expressing tumors ([Figures 4I,D](#F4){ref-type="fig"}). TAM frequency in B16F10/M2KO tumors of control and treated mice showed no significant differences ([Figure 4K](#F4){ref-type="fig"}). Most importantly, adoptive transfer of OT-II cells did not alter the frequency of CD206^+^ TAMs nor their CD206 surface expression levels in OVA negative tumors ([Figures 5C,D](#F5){ref-type="fig"}), suggesting that the degree of tumor infiltration by tumor antigen-specific CD4^+^ T cells as well as M1 polarization of TAMs might depend on cognate interaction with CD4^+^ T cells.

![Immune cell composition of B16F10/M2KO/OVA and B16F10/M2KO tumors after adoptive transfer of OVA specific CD4^+^ T cells. **(A)** Experimental workflow. C57BL/6 Ly5.1 mice (*n* = 10--11) were injected s.c. with 2 × 10^5^ B16F10/M2KO/OVA cells **(B--F)** or B16F10/M2KO cells (**G--K**) respectively. Ten days post tumor inoculation, mice were injected i.v. with 5 × 10^6^ peptide activated OVA specific OT-II T cells (p), whereas control mice were left untreated (c). Mice were sacrificed on day 14 and tumors were analyzed by flow cytometry. Tumor volume **(B,G)** and tumor weight **(C,H)** determined 10 and 14 days, respectively, after tumor cell injection. The absolute numbers of infiltrating OT-II cells **(D, I)** as well as the proportion of adoptively transferred CD45.2^+^ OT-II cells among CD4^+^CD8^−^ TILs **(E,J)** and of F4/80^+^CD11b^+^Gr1^+^ TAMs among CD45^+^ cells **(F,K)** are shown. Statistical analysis was done by unpaired Student\'s *t*-test (95% CI, ns: not significant, ^\*\*\*^*p* ≤ 0.001). Gating strategy: CD45^+^ → living cells → single cells (FSC-A vs. FSC-H) → F4/80^+^CD11b^+^Gr1^−^ or CD4^+^CD8^−^ → CD45.1 vs CD45.2.](fimmu-10-00219-g0004){#F4}

![Adoptive transfer of OVA-specific CD4^+^ T cells repolarizes TAM phenotypes in B16F10/M2KO/OVA tumors. C57BL/6 Ly5.1 mice (*n* = 10--11) were injected s.c. either with 2 × 10^5^ B16F10/M2KO/OVA cells **(A,B)** or with OVA negative B16F10/M2KO cells **(C,D)**. After 10 days, mice bearing tumors of equal size were injected i.v. with 5 × 10^6^ peptide primed OT-II cells (p) or were left untreated (c), followed by flow cytometric analysis of tumor infiltrating immune cells on day 14. Frequencies of CD206^+^ and IA^b^ positive TAMs (F4/80^+^CD11b^+^Gr1^−^) **(A,C)** as well as cell surface expression levels of CD206^+^ and IA^b^ molecules **(B,D)** are depicted. Error bars represent SEM within each animal collective. Gating strategy: CD45^+^ → living cells → single cells (FSC-A vs. FSC-H) → F4/80^+^CD11b^+^Gr1^−^ → CD206 vs. IA^b^. Statistical analysis was done by unpaired Student\'s *t*-test (95% CI, ns: not significant, ^\*^*p* ≤ 0.05, ^\*\*^*p* \< 0.01).](fimmu-10-00219-g0005){#F5}

Having observed reduced frequencies of CD206^+^ TAMs with enhanced MHC II surface expression after adoptive OT-II cell transfer selectively in B16F10/M2KO/OVA tumors, we next performed gene expression analyses on TAMs freshly isolated from B16F10/M2KO/OVA tumors. As shown in [Figure 6](#F6){ref-type="fig"}, transfer of OT-II cells resulted in TAMs with enhanced expression of the M1-associated genes *Arg2, Il1b, Cd86, Cxcl10*, and *Nos2* ([Figure 6A](#F6){ref-type="fig"}), largely reflecting the M1-gene expression profile observed upon interaction with OVA-specific CD4^+^ T cells *in vitro* ([Figure 2C](#F2){ref-type="fig"}). The expression pattern of M2-associated genes tested showed no significant changes upon adoptive transfer of OT-II cells ([Figure 6B](#F6){ref-type="fig"}).

![Adoptive transfer of OVA-specific CD4^+^ T cells induces M1-like gene expression in TAMs of B16F10/M2KO/OVA tumors. Gene expression analysis of sorted TAMs from B16F10/M2KO/OVA tumors of mice adoptively transferred with OT-II cells revealed significantly increased expression of M1-associated genes **(A)**, while expression of M2-associated genes showed no significant changes **(B)**. The box and whiskers plots extend from the smallest to the largest values and show the median, the 25th and the 75th percentiles. Significance was determined using unpaired two-tailed Student\'s *t*-test with Bonferroni-Holm *p-*value correction.](fimmu-10-00219-g0006){#F6}

The results presented here thus show that transferred OT-II cells predominantly accumulate in OVA-expressing tumors, thereby increasing the frequencies of M1-like TAMs.

Discussion {#s4}
==========

The functional role CD4^+^ T cells play in immunological tumor attack is complex ([@B25]). On the one hand, CD4^+^ T cells accumulating in tumors often belong to the Foxp3 expressing regulatory T cell subset, which can be induced by TAMs through IL-10 release as demonstrated in tumor tissues of ovarian cancer patients ([@B26]). Similarly, naïve T cells were shown to differentiate into IL-10 and TGFβ secreting Treg cells, when co-cultured with TAMs from glioblastoma patients ([@B27]). Conversely, CD4^+^ T cells can also gain tumor protective function as CD4^+^ T cells with cytotoxic capacity were shown to eliminate MHC II expressing tumor cells ([@B28]). Moreover, CD4^+^ T cells could mediate eradication of MHC II negative tumor cells through indirect recognition of tumor antigen or upon cooperation with NK cells ([@B29], [@B30]). Another tumor protective mode of action brought about by CD4^+^ T cells might be functional M1 polarization of TAMs through MHC II restricted interaction. Therefore, the aim of this study was to characterize CD4^+^ T cell mediated repolarization of M2-like macrophages *in vitro* and *in vivo*. While the instructive effect of CD4^+^ Th1 cells on M2-like macrophages could be directly shown *in vitro*, repolarization of TAMs by CD4^+^ Th1 cells *in vivo* was demonstrated indirectly through adoptive transfer of OT-II cells.

Repolarization of M2-like macrophages by CD4^+^ T cells has been shown before *in vitro* using human HPV specific T cell clones ([@B31]). Our data not only confirm these results, but furthermore show that cognate CD4^+^ Th1 cell/M2 interaction has also consequences on functional level, since both pino- and phagocytosis activities of instructed PECs were reduced. Our gene expression analyses performed on PECs repolarized by OVA-specific CD4^+^ Th1 cells revealed enhanced expression levels of M1-associated genes (e.g., *Il1b, Cd86, Il6. Cxcl9, Cxcl10, Il12b, Nos2*) and reduced levels of M2-associated genes (e.g., *Fizz1, Mrc1, Cd163*; [Figure 2](#F2){ref-type="fig"}). Unexpectedly, expression of Arg-1 and IL-10 was enhanced, both representing classical M2-associated genes. In fact, Arginase 1 expression has been reported in chronically infected M1-like rat peritoneal macrophages ([@B32]) and in murine PECs stimulated with LPS ([@B33]). It was suggested that Arg-1 expression in M1-like macrophages might represent a possible safety mechanism that restricts the amount of arginine accessible for iNOS mediated oxidation, thereby avoiding generation of excessive NO concentrations that might become harmful to the host tissue ([@B34]). Expression of IL-10 is a characteristic of M2-like macrophages, yet IL-10 expression has been also described in so called regulatory macrophages ([@B35]) and in M2b macrophages known to express both immune suppressive as well as inflammatory cytokines ([@B36]). However, induction of M2b like macrophages appears unlikely in our setting, since this process depends on IFNγ in conjunction with Fc receptor binding of immune complexes ([@B36]), which were lacking in our co-culture experiments with CD4^+^ Th1 cells.

Repolarization of M2-like TAMs rather than depletion of the entire TAM population might represent a physiological way to neutralize the immune-suppressive tumor micro milieu ([@B37]), thus facilitating CTL mediated tumor attack. This was impressively demonstrated in a study by Klug et al. showing that M1-like macrophages can hold significant immuno-stimulatory potential rendering them indispensable for the therapeutic success of low dose irradiation in a murine pancreatic cancer model ([@B16]). Macrophage repolarization induced with cytokines or chemokines has been extensively described *in vitro* and a substantial amount of data on gene and protein expression patterns as well as functional properties have been published ([@B22], [@B23]). M1 polarization of TAMs *in vivo* upon interaction with tumor antigen specific CD4^+^ T cells has also been demonstrated in a murine multiple myeloma model based on TCR transgenic SCID mice. Such interaction mediated rejection of MHC II negative myelomas ([@B19], [@B38]), thereby demonstrating tumor cell killing by inflammatory macrophages as a consequence of CD4^+^ Th1 cell mediated TAM instruction ([@B39]). In our study, we used fully immune competent C57BL/6 mice, as we were interested to investigate the effect of a CD4^+^ Th1 / TAM interaction on TAM differentiation in the context of a native immune system. Also, we avoided Matrigel during tumor cell transplantation to rule out possible side effects potentially caused by traces of chemokines present within the Matrigel preparation such as TGF-β and VEGF ([@B38]).

Our *in vivo* experiments show that adoptively transferred OT-II cells selectively accumulating within OVA-expressing tumors enhanced the frequencies of TAMs with M1-associated gene and surface marker expression. Although we assume that this shift in the TAM profile resulted from cognate interaction between OT-II cells and M2-like TAMs *in vivo*, interactions with other MHC II expressing cells resulting in IFNγ release from stimulated OT-II cells appear conceivable as well. In fact, the function of dendritic cells (DCs) in uptake and processing of exogenous tumor antigen for MHC II restricted epitope presentation is well established ([@B40], [@B41]).

Myeloid derived suppressor cells (MDSCs) are generally considered to express only low levels of MHC II molecules on their surface ([@B42], [@B43]). Still, MDSCs were shown to interact with CD4^+^ T cells inducing their differentiation into regulatory T cells ([@B44]). Recently, it was shown that MDSC from autophagy deficient mice bearing B16OVA tumors effectively stimulated adoptively transferred OT-II cells, demonstrating that MDSC can take up and process exogenous tumor antigen for MHC II restricted epitope presentation ([@B45]). However, this effect was less pronounced among MDSC from wildtype mice, and MHC II surface expression can substantially differ between MDSCs in the peripheral lymphatic organs and those infiltrating the tumor ([@B46]). It thus remains speculative whether and to which extent a potential MDSC/OT II cell interaction is involved to the polarizing effect observed *in vivo* following OT-II cell transfer.

Much less is known about the function of B cells as MHC II expressing antigen presenting cells (APCs) in the tumor microenvironment. In fact, processing of exogenous antigens for MHC II restricted epitope presentation after B cell receptor mediated uptake or upon micropinocytosis has been described ([@B47], [@B48]). However, since we did not analyze the B cell compartment in our study, it remains open whether interactions between B cells and transferred OT II cells might have affected TAM polarization in B16F10/M2KO/OVA tumors.

When analyzing the effect of adoptively transferred OT-II cells on the cellular composition and differentiation stage of TAMs in B16F10/M2KO/OVA tumors, a gene expression pattern was observed among freshly isolated TAMs that was reminiscent of the M1 associated gene expression profile determined *in vitro* upon co-culture of peptide loaded M2-like PECs with OVA-specific CD4^+^ T cells, namely enhanced expression of *Arg-2, Il-1b, Cd86, Nos-2b* as well as increased IA^b^ surface expression and intracellular iNOS expression. We thus assume that the differentiation of TAMs selectively observed in OVA expressing B16F10/M2KO/OVA tumors was caused by IFNγ released from CD4^+^ Th1 cells as a consequence of tumor antigen-specific TAM / CD4^+^ Th1 interaction *in vivo*. This hypothesis is also supported by a recent study performed on human TAMs in premalignant oral cancer lesions in which immuno-histochemical analyses lead to the conclusion that tumor infiltrating Th1 cells mediated polarization of CD163^+^ TAMs toward M1 through IFN secretion ([@B49]).

In summary, our results show that the adoptive transfer of OT-II cells increased the proportion of M1-like macrophages within transplanted B16F10/M2KO/OVA tumors. Thus, cognate interaction between tumor antigen specific CD4^+^ Th1 cells and TAMs might promote recreation of an immuno-stimulatory tumor micro milieu, thereby facilitating efficient anti-tumoral immune attack ([Figure 7](#F7){ref-type="fig"}).

![Proposed model of TAM repolarization upon adoptive transfer of tumor antigen-specific CD4^+^Th1 cells. B16F10 cells (dark red) are injected subcutaneously into C57BL/6J mice to induce tumor growth. Tumor infiltrating M2-like macrophages (blue) engulf ovalbumin released by tumor cells and present MHC class II (IA^b^) restricted OVA epitopes to adoptively transferred OVA specific CD4^+^ Th1 cells (orange). The activated CD4^+^ Th1 cells secrete IFNγ which induces macrophages to polarize to proinflammatory M1-like macrophages (light red).](fimmu-10-00219-g0007){#F7}
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